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Any indication of a New Physics scale?

‘ Data: no answer, but something has to be there, like Dark Matter‘

“

Theory: answer “=" attitude towards the hierarchy problem

Myp = 0.1 =10 TeV

Protect the mass of the scalars from any NP ['t Hooft 1979, ..]
The Fermi scale is natural Fine-tuning A “small” = Mxp “small”
Examples  Supersymmetry Twin and composite Higgs models)

‘ No evidence for NP puts pressure on this attitude

’ Mnp can be > TeV‘

— Think different (e.g. “UV naturalness”, cosmological relaxation)

— Accept the tuning A (and go anthropic)



Future lampposts in this talk

Telescopes



Where to look for New Physics?

— Indications from “natural” New Physics
mostly based on Buttazzo S Tesi, 1505.05488

— Indications from WIMP Dark Matter
mostly based on Cirelli Hambye Panci S Taoso, 1507.05519



Where to look for New Physics?

— Indications from “natural” New Physics
mostly based on Buttazzo S Tesi, 1505.05488



< Can new Higgses be the lightest new particles around?

o How to look for them?
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o Can new Higgses be the lightest new particles around?

Another light scalar would be hard to justify with anthropic arguments
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o Can new Higgses be the lightest new particles around?
Another light scalar would be hard to justify with anthropic arguments

Extra Singlet-like Higgses are ubiquitous, for example in

— Twin Higgs
— Supersymmetry

— Electroweak Baryogenesis (independent of naturalness)
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TWin nggs Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005, ...

Why interesting? Solves little hierarchy, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!
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TWin nggs Chacko Goh Harnik 2005, Barbieri Gregoire Hall 2005,...

Why interesting? Solves little hierarchy, without coloured top partners

If nothing new at the LHC14, TH models still quite natural!

— Add a Z,-symmetric copy of the SM
[only copy of top strictly necessary  see e.g. J Serra @ MIAPP 2015]

— 8 "Higgs" degrees of freedom - vs 4 in the SM
7 are massless Goldstone bosons
one, o = radial mode of G — H
(o) = f, my ~ f conceivable if UV completion is weakly coupled

— Small explicit breaking of both G and Z, to get my and vgw # 0

Other particles? Either M 2 4xf or very weakly coupled
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Light extra Higgses in Supersymmetry

MSSM

’ mi < m%ycos?2B+ A?| = A;>85GeV = stops heavier than ~ 1.5 TeV

. . o’ 4 3y? A
Fine tuning worse than 1%! % ~— Sm?, ~ —%m%l —
deu g Y 41 7



Light extra Higgses in Supersymmetry
MSSM

’ m? < m%cos® 23 + A2

= A; 285 GeV = stops heavier than ~ 1.5 TeV
Fine tuning worse than 1%!

dv? 3y? A
dmy, & : 4 my
NMSSM 4000
3500
Add a singlet S AW = ASH,Hy + £(S) 3000
2500
2 2 2 2 2 22 ii 2000
my S mZC2B =+ At =+ v 52ﬁ £l
s 1000
. . dv k 1 .
Fine tuning better than 5%! el 500 .
[green points, tan 8 < 5] MH, 26 fs 10 15 20

25
A
Gherghetta et al. 1212.5243 [A = 20 TeV]
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NMSSM spectrum

NMSSM with A ~ 1 and heavy stops & gluinosJ E

A

[A Z 0.7 needs a completion before GUT scale!] A ~ o273,

i Msoft
~1TeV ——




NMSSM spectrum

NMSSM with A ~ 1 and heavy stops & gluinosJ E

A

[A = 0.7 needs a completion before GUT scale!] A ~ 27/,

@

The scalars are:

Msoft

Bl

CP-even h, hs, ¢ (from h,, H,S) ~1TeV —
CP-odd A, As H,S
"Ii h




NMSSM spectrum

NMSSM with A ~ 1 and heavy stops & quinosJ E

A
[\ Z 0.7 needs a completion before GUT scale!] = 627‘_2/)‘21)
The scalars are: §
CP-even h, hs, ¢ (from h,, H,S) o1 TeV —— ¢ Msot
H,S
h
hs H

Hon=|h|=RT|h |, R=RPRBRY



NMSSM spectrum

NMSSM with A ~ 1 and heavy stops & quinosJ E

A
[\ Z 0.7 needs a completion before GUT scale!] A ~ 22713,
The scalars are: g
CP-even h, hs, ¢ (from hy, H, S) ~1Tev - d
H,S
h
h3 H
— _ pT _ pl2p23pl3
Hon=|h]|=R"|h |, R=RsR’R;
10} S
}12
S A motivated limiting case

v = h, — S mixing

o el _fwme mp, > mp e and 0,0 =0
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Bottom-up motivation for a Singlet: Higgs couplings fit




Bottom-up motivation for a Singlet: Higgs couplings fit

hinc = h = ¢, (cshy — ssH) +5,S J

8htt Ss 8hbb ghvv
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Bottom-up motivation for a Singlet: Higgs couplings fit

tan

hive = h = ¢ (cshy, — ssH) +5,S |

8htt S5 8hbb 8hvv
[W =cy(es + : ,6’)’ s = v(cs — ss tan B), SM Cvcé]
8Ehtt an 8hbb Ehvv
LHC14 projections (300 fb~1)
147 \\ 8-
121
ol
10+
8F EM 95%C.L.
ok
4H 2r
68%C.L.
N
-02 0.0 0.2 0.4 0.6 0.00 0.05 0.10 0.15 0.20 0.25
sind

s3=0,0.1503
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o How to look for them?
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& How to look for them?
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At which machines?

—>

Currently unclear where particle physicists will put (EU? China? ???) money:

HL-LHC /s = 14 TeV, 3000 fb™!, ~ 2025-2035
HE-LHC /s = 33 TeV, needs new technology
FCC-hh /s ~ 100 TeV, start ~ 2040(7),

needs ~ 100 km tunnel
ILC /s = 0.5 —1 TeV, maybe Japan soon
CLIC /s up to 3 TeV, needs new technology

FCC-ee /s up to 500 GeV, higher luminosity,
needs ~ 100 km tunnel
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Generic singlet

) Mf21h — Mmy .
sin®y = —F—— Master formula, valid for any model
mg, — my

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > mwy)
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Generic singlet

) Mf21h — Mmy .
sin®y = —F—— Master formula, valid for any model
mg, — my

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > mwy)

h: signal strengths 1 = c2 X pism ¢: pu(my) = s2 x usm(my) [barring ¢ — hh] J

What does one learn from the potential f(S)?

Valid for any potential!! vs leading new parameter
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Generic singlet: Higgs couplings

M2, — m?
siny=—2—% Master formula, valid for any model
m3 — mj

2 free parameters control all pheno!  + BRg—nn (= BRgy—zz at my > mw)

h: signal strengths p = C,% X [USM J
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Generic singlet: Higgs couplings

M2, — m?
siny = % Master formula, valid for any model
m3 — mj,

2 free parameters control all pheno!  + BRy_pn (= BRy—zz at my > my)

h: signal strengths p = cf, X hsM

240 R
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Generic singlet: Higgs couplings

Master formula, valid for any model

2 free parameters control all pheno!

. M2, — m?
sin? y = Mih = M
m3, — mj,

h: signal strengths p = cfy X [sM

+ BRy—nh (= BRy—yzz at my > mw)

Add ghnn: could be first deviation seen!

)
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)

T T T T
023
0.15
3,,/’ 0.1 Jowain| 2 [-%
Al LHCS | 02
-7 _--~"4 LHC1 | 008012
577 - HL-LHC | 4-8x10~2 05
Ptide 005 HE-LHC - 02
e 1 FCChh - 0.08
-7 I ILC | 2x10 % 0.21-0.83
r Zo--15 ILC-up | 4x1073  0.13-0.46
7 1 CLIC | 2-3x10%  0.1-0.21
o CEPC | 2x107*
- FCC-ee | 1x107% -
250G Aulpsw Snowmass 2013
vy =250 GeV ]
’ == g;.;m/gﬁ»,”;‘.
200 400 600 800 1000 1200 1400
my [GeV]

My [GeV]

240

220

200+

0.01

0.002

500

1000 1500
mg [GeV]

2000

13 /31



Generic singlet: Higgs couplings

M2, — m?
sin?y = % Master formula, valid for any model
m3;, — mj

2 free parameters control all pheno!  + BRg_sn (= BRy—zz at my > mw)

Q 2 . .-
h: signal strengths 11 = ¢} X psm Add gipn: could be first deviation seen! J
033 (4 240 .~ ]
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Generic singlet: direct searches

M2, — m?
siny=—2—% Master formula, valid for any model
m3 — mj

2 free parameters control all pheno!  + BRg—nn (= BRgy—zz at my > mw)

#: u(mg) = s3 x psm(me) [barring ¢ — hh] J

14 /31



Generic singlet: direct searches

2 2
My — mj,

-2
sin’y =
mZ — mj,

Master formula, valid for any model

2 free parameters control all pheno!  + BRg_nn (= BRg—zz at my > mw)

Large BRy—_,nh easier for vs < 0 #: u(mg) = s> x psm(ms) [barring ¢ — hh] J
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Generic singlet: direct searches

. M, — m .
sm27 = % Master formula, valid for any model
mg — mj,

2 free parameters control all pheno!  + BRy—s (= BRy—zz at my > mw)

Large BRy— s easier for vs < 0 ¢: p(my) = s2 x psm(my) [barring ¢ — hh] J
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Generic singlet: direct searches

M2, — m?
sin?y = % Master formula, valid for any model
m3;, — mj

2 free parameters control all pheno!  + BRg_sn (= BRy—zz at my > mw)

h: signal strengths 11 = ¢ x fisu #: u(my) = s2 x pusm(me) [barring ¢ — hh] J
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Higgs as a PNG boson: Twin Higgs
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Higgs as a PNG boson: Twin Higgs

Take-home message:

Mixing angle sin~y ~ ;

4

Direct searches of the singlet are promising!
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Higgs as a PNG boson: Twin Higgs

2 2

Mg, — m

22 hh h 2 2 2 2 /72

sin™ 7y = 2 2 Mhh = (”7h ‘”o’) v /f
mg — my

Only two free parameters f and m, = BR,_u, fixed everywhere

Twin SM = BR,_in.. # 0 [equivalence theorem: BR,_,;p,. — 3/7 for my > mz X f/v])
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Higgs as a PNG boson: Twin Higgs

2 2
.o My —my 2 (.2 2\ 2/ ¢2
sin“y =5 My, = (my + m3) v /f
- h

Only two free parameters f and m, = BR,_u, fixed everywhere

Twin SM = BR,_jn. # 0 [equivalence theorem: BR,_,n,. — 3/7 for my > mz X f/v]J

6000 ! ! . 0
BRyinv, = 3/7 = Ap/psy
== o > SM

#7\ BRoim, =37 Bl |
o - SM

0.002

f [GeV]

PV pmma
aliesnd BRSO

0.01

LR A
v

1000 2000 3000 4000 5000 6000
m, [GeV]
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The NMSSM

-2_Mf21h_mh M2, = m2 2 2.2 2 A2
sin —m hh—m2C2B+>\V$2B+
b h
Remember: naturalness = A ~ 1 A = all loop effects, e.g. top-stop
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The NMSSM
.2 MiQJh_mi%
sin“y = ——

2 2
m3 — mj,

M2, = m% c22@ + 222 522ﬁ + A2
Remember: naturalness = A ~ 1

A = all loop effects, e.g. top-stop
Here A =12 A =70 GeV tan 8 “small” otherwise EWPT J
; 5E T ‘ ‘ ‘
A=12 T A=12
Apfpsm \ ‘\ B Apfpsm
¢ > SM \ . * ¢ > SM
4t AU
vy .
\ . .
vy "
2, Vo . 0002
\ 8 \ ¢ .
\ vy ..
\ \ .
\ \ \. .
\ 2 \ *. 4
\ 001 .
\ \ \ .
\ 005 \ . ..
\ vy B
; ; 1 1 ‘ | 1 ‘
600 800 1000 500 1000 1500 2000
my [GeV]

my [GeV]

2500
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The NMSSM
.2 Mﬁh_m%
sin“y = —F—~

2 2 2 2.2 2 2
5 M, = mz Gg + AV 555 + A
mg, — mj
Remember: naturalness = A ~ 1 A = all loop effects, e.g. top-stop
Here A =0.7 A =380 GeV tan 8 “small” otherwise EWPT J
=07 \ R 1=07
Ay
Apfpsm R Ap/pusm
== ¢ - SM vV = ¢ - SM
4 40 LMy
oort "
01y \' 8
Vs
Q Q Vs s
53 53 SN 1
vyt
\ .
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(I Y
2 1 2 ' .
VL
005 [\ . 0002
\ 001 I .
1t ‘ N E 1 AL .
200 400 600 800 1000 500 1000 1500 2000
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25‘00
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Fully mixed case and a v~ signal

Singlet-like state lighter than 125 GeV

20

Local p-value
5
T

Hard to see, but maybe already found??
SUSY 2015, Tristan du Pree

30

10 3 L 1
80 8 9 95 100 105 110
m, (GeV)
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Fully mixed case and a v signal Barbieri et al 1304.3670, 1307.4937

CMS Preliminary {58 TeV L=19.7fb"
o
=
Singlet-like state lighter than 125 GeV & lo
8.k FE
§1o —
k . 20
Hard to see, but maybe already found??
w0k
SUSY 2015, Tristan du Pree
- .
‘03 1 1 1 L 1
80 85 90 95 100 105 110
m, (GeV)
A=0.1A; =85 GeV A=0.8,A: = 75GeV
120 ——— [ 120 |
N |
100 100} /]
= 80 0.3 - 80 /,f A
> 3 =
2 6 S eof — i
g & 06
15
40 40 A
95% C.L. LEP L
0 — Higgs fit - h-—hadrosnﬁl 2 0. L ]
[ LEP hbb — 1oy / 15
0 e e ————
2 4 6 8 10 12 14 2 4 6 8 10 12 14
tan3 see also Badziak et al. 1304.5437,... ‘@8



Where to look for New Physics?

v Indications from “natural” New Physics
mostly based on Buttazzo S Tesi, 1505.05488

— Indications from WIMP Dark Matter
mostly based on Cirelli Hambye Panci S Taoso, 1507.05519
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Where to look for New Physics?

— Indications from WIMP Dark Matter
mostly based on Cirelli Hambye Panci S Taoso, 1507.05519
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Where is Dark Matter?

thermal
. . . Planck scale
Ultra-light scalars, axion vs  particles 10-10 1 1010 1020 10% 10kg
f t+ t t t t t IRERES ey wna t t } t t t t t t t t t {
-30 -20 -10 1* 20 30,
10 10 10 T 1 10 10 107%eV Primordial
Toow weak scale black hole Solar mass

[courtesy of Marco Cirelli]
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Where is Dark Matter?

thermal
. . i Planck scale
Ultra-light scalars, axion vs  particles 10-10 1 1010 1020 10% 10kg
bt b i e e
10730 1072 10710 T 1 101% 10% 100V Primordial
Toow weak scale black hole Solar mass
[courtesy of Marco Cirelli]
thermal ’ How to probe the “thermal relic WIMP" paradigm?
particles
[Unitarity bound: Mpy < 80 + 120 TeV  Griest Kamionkowski 1990,
10!
weak scale

Cahill-Rowley et al. 1501.03153]
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The EFT approach:

©® Model-independent

© easy comparison collider - direct detection

102

T

T T

" i
CMS Prellmlnary Ze" OMS 2012 Axial Vector |
e CMS 2011 Axial Vector

Vs=8TeV

f Ldt=19.51"

- Super-K W'W’
- lceCube W'W"

Spin Dependent

CDF 2012

== SIMPLE 2012
-~ CDMSII 2011

COUPP 2012

Ll ol L

10

10° 10°
M, [GeV/c?]
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General strategy: effective field theories?

& 10% g
IS 1021 CMS Preliminary —s— CMs 2012Ax.|a| Vector—|
The EFT approach: L o[ is=8Tev * CMS 2011 Axial Vector —
’ 107 — - CDF 2012 E
c
=] AaszLdt=19.5 fo" - SIMPLE 2012
. Q10T -~ CDMSII 2011
® Model-independent & uf Y e COUPP 2012
) 10 -= Super-K W'W
©® easy comparison collider - direct detection g1 " leeCube W'W

T
\1\\\I\

® ~ wrong for LHC (especially 14 TeV) !!

Spin Dependent

Ll ol vl

10 10° s 0*
M, [GeV/c?]

often momentum transfer > suppression scale A

Lot of recent activity Busoni et al 1307.2253 and 1402.1275,
Buchmuller et al 1308.6799,...
Abdallah et al 1409.2893,

Racco Wulzer Zwirner 1502.04701

Need to go to benchmark/simplified models!
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An EW fermion multiplet

Possibly the “simplest” simplified model
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Minimal Dark Matter: intro Cirelli Fornengo Strumia hep-ph /0512090

Philosophy: Focus on DM, and try to preserve SM successes (flavour & CP, ..)
+ DM stability, adding the least possible ingredients to the theory

Approach: add to the SM extra particle x

and determine its “good” quantum numbers

“good” = i) stable i) lightest component neutral iii) allowed

L= Lsu+cx(iD— My)x ‘ other terms forbidden without new symmetries

M, is the only one free parameter, fixed if we impose thermal relic abundance!

MPlet 9.4 TeV‘ ’ M3PIet ~ 3 TeV

thermal — thermal —
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Electroweak multiplets at colliders

5plet No hopes to reach Mihermal
3plet No hopes to reach Mihermal before a 100 TeV collider (i.e. before 2040)
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Electroweak multiplets at colliders

5plet No hopes to reach Mihermal
3plet No hopes to reach Mihermal before a 100 TeV collider (i.e. before 2040)

Most promising channel: disappearing tracks
current stronger probe M, 2 270 GeV &\

Disappearing Tracks S 14 TeV

‘ 1‘00Té\/,303b"1 ] 6 \ T
100Tev, 32071 ] 5
B rev 3l 3]
Q4
% —— 20%bkg e < 3
E] ~ ~ 100 %bkg S 3 E
= = ° D,
2] = '
n 2 :
1
\\
0! -
1000
My LGeV] Mass [GeV]
Cirelli S Taoso 1407.7058 Ostdiek 1506.03445

see also Feng Strassler 1994 ... Low Wang 1404.0682

24 /31



Direct Detection

1077 107!
10738 102
—10% 107 _
50 104 &

i =
é 10741 \\. Pp@mz\z/lo- -8
8 10_42 \",“g ‘m \\\m« — §
2 oo, i 2
é 10 Ol " g
S 10-4] oo, 100 E
§ 10—45 Neutrinos N'e _________ %
3 Neutrinos 2
T 107 d
S 10 2
B 10748 ’T- outrinos 10712 =
™ candDSNBN
1049 NS ot 10-13
—50 —14
10 1 1000 1o
WIMP Mass [GeV/cZ]
Hisano et al. 1504.00915: ‘Ugflet =1.9 x 107*cm? ‘ ‘ag?let =23 x 107" cm?

full NLO in a5, O(50%) uncertainties  [largest error from charm content of nucleon]
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Electroweak multiplets in the () sky

102!

Sommerfeld enhancement o
at low velocities non-rel. attractive potential 10723
Milky Way v ~ 10 3¢ =

E 10725

Dwarf spheroidals v ~ 1 +5 x 107°¢ ‘ -

|0737

Xoxo — WW, vy  ov saturates at v <1072 — o

e !
Mpw [TeV]

X0
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Electroweak multiplets in the () sky

Sommerfeld enhancement o

at low velocities non-rel. attractive potential 10723
Milky Way v ~ 10~3¢ o

1072

v [em’/s]

Dwarf spheroidals v ~ 1 =5 x 10_5c‘

Xoxo = WW,~vy  ov saturates at v < 1072 —

e  —
Mpw [TeV]

X0

Xo Xo

p, e, v, 7, ... ~ ray lines: smaller cross-sections

but | features in -y spectrum enhance sensitivities

26
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v continuum with FERMI

— FERMI measures v flux from all sky
— We carefully model astrophysical backgrounds (conservatively)

—  We divide the sky into regions, and extract bounds from each one
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v continuum with FERMI

— FERMI measures ~ flux from all sky
— We carefully model astrophysical backgrounds (conservatively)

— We divide the sky into regions, and extract bounds from each one

NFW profile, including background NFW profile, bounds including background
longitude / [degrees]
=30_ _-5_0 +5_ +30
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(vyyy [em¥/s]

Mpy [TeV]

27 /31



v continuum with FERMI

— FERMI measures ~ flux from all sky
— We carefully model astrophysical backgrounds (conservatively)

— We divide the sky into regions, and extract bounds from each one

Burkert pmllle, mdUdmg backgmund Burkert profile, bounds including background

longitude / [degrees]
=30_ _-5_0 +5_ +30

T T

(ov)vv [em¥/s]

M 5plet

s
MI

< Galactic bounds depend on DM profile

2

Moyt [TeV] o All bounds assume 5plet = 100% of DM
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~ continuum from dwarf spheroidal galaxies

A primer on dwarf spheroidal galaxies

o gravitationally linked to our galaxy
o DM dominated objects — this is why they are good targets!
o often “trackers” are just a few — big uncertainties on DM properties

[with respect to Milky Way: almost no bkg, large uncertainties in J factors]
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o DM dominated objects — this is why they are good targets!
o often “trackers” are just a few — big uncertainties on DM properties

[with respect to Milky Way: almost no bkg, large uncertainties in J factors]

mg,onstruinls from dwarf spheroidals, y—ray cominutlm FERMI: 15 dwarves, assumes AJ < 40%
HESS: subset of 4, plus Sagittarius
MAGIC: only Seguel (large uncertainties!)

1021
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~ continuum from dwarf spheroidal galaxies

A primer on dwarf spheroidal galaxies

o gravitationally linked to our galaxy
o DM dominated objects — this is why they are good targets!
o often “trackers” are just a few — big uncertainties on DM properties

[with respect to Milky Way: almost no bkg, large uncertainties in J factors]

mgyonstruinls from dwarf spheroidals, y—ray continuum FERMI: 15 dwarves, assumes AJ < 40%
F HESS: subset of 4, plus Sagittarius
10721 £ L
E MAGIC: only Seguel (large uncertainties!)
10-22
—_ E £ 15
Z r g  Charbonpier etial. (2011)
“E 1078 B 14 Ackermann et al. (2013)
% 3 e % = This wor oo 4'¥ %%%
S a1l [% —68%Cls . .
Elo e £ | *{' % %}n{:,&-,!’ xh‘,r gl
b =) [ i Lo h
. Fo ks l{‘“%*”'ﬁl‘“? 'y 1
% 5 10 % Jf =05
107 Lhe 2 ° il Y
£ > ] 8 )
]0727 L e L ——r L 180 | 160l 23 @218 | 407 | 86 | 138 | 250 | 101 | 205 ”?(iér/ 160 | 66 | 79 | 97 | 35 | &6 \L\Lﬁ 44 | 30
107! 1 10 [ar=ar= G TooT Se For TeoT Cwr Lewz fer GnE Boo 5o UNel Se UM Dm Wit Coms UMz

M, TeV
pum [TeV] Bonnivard et al 1504.02048
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v lines: galactic center and dwarves

Constraints from Milky Way, y—ray line Constraints from dwarf spheroidals, y—ray line

102 o 10722 5
10723 E
= g0k 20 El
5 5 F E
S 1075 S 10 g
IS E L E
£ f £ 1
’g 10720 £ 107 E
L [ LHC 1
10-27¢ 1027 > E
2 E = E

10728 w—]w L L Lo L 10728 L N L Lo

107! 1 10 107! 1 10

Mpy [TeV] Mpwm [TeV]

[CTA prospects from Ovanesyan et al 1409.8294 and Bergstrom et al 1207.6773]

MAGIC = only one that looked for lines from dwarves - but just Seguel

Lot of progress conceivable with dwarf spheroidals!

— Look at the same (other) dwarves with other (the same) experiments

— measure better DM properties to reduce uncertainties
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v lines: galactic center and dwarves - 3plet

Constraints from Milky Way, y—ray line Constraints from dwarf spheroidals, y—ray line
02— 10722 : —
10753 E

= g0k 20 El
5 5 F E
N 10%5E N 107 E
= E . B E
+ E ¥ 3 E
2 5 & [ ]
£ 1020 g 1072 E
1027 ¢ = 10727 = E
N a E a E
2 N = £ = E
IO*ZX’ \—]\ L L Lo L ] 107287 L N L Lo ]

107! 1 10 10-! 1 10

Mpm [TeV] Mpwm [TeV]

[CTA prospects from Ovanesyan et al 1409.8294 and Bergstrom et al 1207.6773]

MAGIC = only one that looked for lines from dwarves - but just Seguel

Lot of progress conceivable with dwarf spheroidals!

— Look at the same (other) dwarves with other (the same) experiments

— measure better DM properties to reduce uncertainties
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An EW fermion 5plet: pheno summary

Summary of constraints (solid edge) and reaches (dashed edge)

LHCE  8TeV| 14Tev | g
antiprotons |- 2
conservative
MW diffuse | I:l |:|
incl bkgd

[N

GC line -

dSph line -| | |

0.1
Mpw [TeV]
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Where to look for New Physics?

V" Indications from “natural” New Physics
Buttazzo S Tesi, 1505.05488

v Indications from WIMP Dark Matter
Cirelli Hambye Panci S Taoso, 1507.05519
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Where to look for New Physics?

500 Fl
V' Indications from “natural” New Physics 4s0f 7
Buttazzo S Tesi, 1505.05488 400f K
14
%350» ,/ 005
An extra Singlet-like Higgs < s00f /
=
appears in NMSSM, Twin Higgs, ... J 250
2004 Aptfpsm
. - $ - SM
ha — VV, hh, h couplings, ghhh‘ OHAT L7 Brigomn =025

200 400 600 800 1000 1200 1400
mg [GeV]

V' Indications from WIMP Dark Matter
Cirelli Hambye Panci S Taoso, 1507.05519

‘Summary of constraints (solid edge) and reaches (dashed edge)

WHC B Tev] 14 TeV |
aniprotons |-

An EW fermion multiplet, focus on 5plet

& “Hip st drpliied mece? - =00
o Minimal Dark Matter ¢ 3plet = Wino ... ason N
If 100% of DM, dwarves might be the future ;:4 R ‘




Back up Dark Matter



Minimal Dark Matter: candidates

Allowed: x neutral under g,~, and almost under Z (direct detection)

= x = n-tuplet of SU(2), Y=0

Stable: No renormalizable nor dim-5 operators that lead to decay

= first candidates are n = 5 fermion and n = 7 scalar

Lightest component neutral: Mg — Moo ~ Q(Q + 2X)AM

0y
W, Z W, Z "
T ¥ AM21P — 164.5 4+ 5 MeV
B fr ,,,,,,, i _ DS W Ibe Matsumoto Sato 1212.5989
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Minimal Dark Matter: candidates

Allowed: x neutral under g,~, and almost under Z (direct detection)

= x = n-tuplet of SU(2), Y=0

Stable: No renormalizable nor dim-5 operators that lead to decay

= first candidates are n = 5 fermion and n = 7 scalar

Lightest component neutral: Mg — Moo ~ Q(Q + 2X)AM

0y
W, Z W, Z "
T ¥ AM21P — 164.5 4+ 5 MeV
B fr ,,,,,,, i _ DS W Ibe Matsumoto Sato 1212.5989

Avoid g» Landau pole before Mp; =- n not too large

In practice: n < 8 for scalars, n < 5 for fermions
[issue from 2-loop? Nardecchia et al, work in progress]
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Relic abundance
Fermion triplet with Y = 0 (‘wino’)
02 y;

0.15

Typical WIMP candidate — Mpu ~ TeV

X A X f’A
X \/vvvé\/vvv{ljj 0.05 ‘,"/
X A X A 0 -
0 05 1 15 2 25 3 35
DM mass in TeV
020 . e . .
;
Important to include: 3 ;@b
o Coannihilations O15p & ¥ 1
of
& Sommerfeld enhancement % 010
X o100 ]
c
? NLL corrections
005} ]
0.00 .
0 12
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v continuum with FERMI - [l

(@v)vy [em¥/s]

(v)vv [em?/s]

NFW profile, conservative bound

10721
1022
10723 5

10724

10°! 1 10
Mpy [TeV]

NFW profile, including background

NFW profile, conservative bounds
longitude / [degrees]
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NFW profile, bounds including background
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v continuum with FERMI - [l

Burkert profile, conservative bound

Burkert profile, conservative bounds
longitude / [degrees]
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Why an EW fermion triplet?

— Stable if one imposes L or B — L or discrete subgroup (already in the SM!)

[also kills all higher-dimensional operators that could make it decay]

— Stabilizes Standard Model vacuum

without MDM [Buttazzo et al 1307.3536] with MDM [Chao et al 1210.0491]

0.10, 03
fson
| RS
008 30 bands in iy 025 AL g
M, = 1734 0.7 GeV (gray) -
(M) = 0.1184 + 0.0007(red) | 02
~ 006 M, = 1257403 GeV (blue)
S o
S om
§ _—
£ om
ER oos -
£ o °
as
002
o1 .
W e SRS

~0.04 | ) |
100104 10° 10° 10 107 10" 10% 10 102
RGE scale 1 in GeV.

— Not big contribution to m, = does not worsen fine-tuning

— Helps with unification of gauge couplings
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Why an EW fermion triplet?

— Connection with SUSY with heavy scalars James Wells hep-ph/0306127

Keep all good features of Supersymmetry
DM, unification of gauge couplings,...

And accept a tuned my, (e.g. anthropic)
Tscalars |
m, , | Messnosheswy Hogses
— All other scalars are heavier
— Higgsinos also heavier if p ~ ms/»
— Wino LSP candidate for Dark Matter!
-
‘ bino See also:
 wino Arkani-Hamed Dimopoulos hep-th/0405159
Giudice Romanino hep-ph/0406088

Arvanitaki Craig Dimopoulos Villadoro 1210.0555

D’'Eramo Hall Pappadopulo 1409.5123
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Back up Extra Higgses



Extrapolation of direct searches |

We started from (and improved)
i) Collider Reach () Salam Weiler 2014

mg excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)

ii) Thamm Torre Wulzer 1502.01701

B(s, L, m) o L></d§ % 3(5) 2 (5) J
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Extrapolation of direct searches |

We started from (and improved)

i) Collider Reach () Salam Weiler 2014

ii) Thamm Torre Wulzer 1502.01701
mo excluded at LHC8, obtain my at future collider via B(sy, L1, my)

= B(So, Lo, mo)
B(s, L, m) x LXA—j (cjlf( )’ , 56(8)=c = df drives the reach J

dLy L dL
SRAPT (sl)‘gzmg = boej gz )| _.

s:mo
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Extrapolation of direct searches |

We started from (and improved)
i) Collider Reach (8) Salam Weiler 2014 i) Thamm Torre Wulzer 1502.01701

mo excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)

As dL
=2 ©

B(s,L, m) o< Lx dA( )

, 56(8)=c = df drives the reach J

dLy L dL
biei = (sl)‘gzmg = Locj —ge ()| _

a—m2
My
1000 T T T T T T 1000 T T T T T
g 1 I 100, 1
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Extrapolation of direct searches |

We started from (and improved)
i) Collider Reach (8) Salam Weiler 2014 i) Thamm Torre Wulzer 1502.01701

mo excluded at LHC8, obtain my at future collider via B(sy, L1, m1) = B(so, Lo, mo)

As dL
=2 ©

B(s,L, m) o< Lx dA( s)|

56(3)=c =
—m2

df drives the reach J

dLy L dL
biei = (sl)‘gzmg = Locj —ge ()| _

Y
My
1000 : : : : ! : 1000 : : : : !
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.
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N
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o - :4 NSy Sseo._ 100Tev, 3ab
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~ ~ -
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Extrapolation of direct searches Il

a4

800 35
2 600 g < 2 B
3 S5 H 25§
1 @ 1 o
x = & 2 3
* g x N
B 3 * 15 3
& T & 1L
s 200 2 5 =

05

0 Jo

1000 1000

Assumptions/limitations

— Not valid if systematics dominate and change significantly from sp to s;
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Extrapolation of direct searches Il
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Assumptions/limitations

— Not valid if systematics dominate and change significantly from sp to s;

— §>> myk [i.e. not valid at § ~ 2m, for ¢ — hh(4b)]

— —j < 1 i.e. not valid if analysis depends a lot on shape far from peak
m
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An extra doublet-like state H Mp, > mp, , My,
Barbieri Buttazzo Kannike Sala Tesi 1304.3670, 1307.4937

8Bhstt Cs 8hsbb 8hs vV

=S5 — — =S5 —+ tBC6 =S5 [At =75 GEV}
SM SM SM
Ehtt ts Ehbb Ehvv
Status fit LHCS: dashed: my+ cont: A
] 006" "07 08 09 1 1112 14 16]
,)*"’/0.877/77j
Q i )
£ £
2 4 6 8 10 8 10
tangg tan g
my+ > 480 GeV from B — X.v! [MDy(ts,...) =0 — 6 =0]

hs phenomenology: more similar to MSSM  see e.g. Craig et al. 1504.04630
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An extra doublet-like state H Mp, > mp, , My,
Barbieri Buttazzo Kannike Sala Tesi 1304.3670, 1307.4937

8hstt Cs 8hsbb 8hs vV

=S5 — — =S5 —+ tBC6 =S5 [At =75 GEV}
SM SM SM
8htt tg 8hbb 8hvv
Projections fit LHC14 (300 fb—1!): dashed: my+ cont: A
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hs phenomenology: more similar to MSSM  see e.g. Craig et al. 1504.04630
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Barbieri Buttazzo Kannike Sala Tesi 1304.3670, 1307.4937

Status fit LHCS: cont: A]

[dashed: my+
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Red regions excluded by direct searches at LEP and CMS

Projections fit LHC14: above regions completely excluded
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